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1. Introduction 
Polymorphonuclear leukocytes exhibit during 
phagocytosis a marked burst in oxidative metabolism, 
i.e., an increase in both cyanide-insensitive oxygen 
uptake and in glucose oxidation through the hexose 
monophosphate pathway [ 11, that apparently 
involves the generation of H202 [2] and 0; [3]. The 
function of HzOz as a bactericidal agent produced by 
leukocytes during phagocytosis has been long known 
[4-61 and 0, has been recently indicated as playing 
a similar role [3-71. Quastel and coworkers [2] 
detected HzOz production in phagocytes by measuring 
the coupled, catalase-dependent, formate oxidation 
and offered the first explanation of HzOz generation 
as a functional end-product of the specifically 
incremented oxidative metabolism during phagocytosis. 
Further observations based in the use of other methods 
for HzOz detection, such as the determination of 
oxygen evolution after catalase addition [8] or the 
coupled oxidation of fluorescent indicators by the 
horseradish peroxidase reaction [9,10], clearly esta- 
blished that a marked enhancement of HzOa produc- 
tion accompanies phagocytosis in leukocytes. 
Nevertheless, no evidence had been yet obtained 
on the subcellular localization of the HzOz source in 
phagocytes. Important questions are, what enzyme 
generates HzOz and, how is it activated during phago- 
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cytosis? The granular fraction isolated from the homo- 
genate of polymorphonuclear leukocytes shows 
NADPH and NADH oxidase [ 11,121 and myelo- 
peroxidase [ 131 activities and has been proposed as 
the subcellular site in which H202 generation takes 
place [11,12]. 
In this paper, the formation of the enzyme-sub- 
strate complex of yeast cytochrome c peroxidase [ 141 
was employed for the detection of HzOz, generated 
in granules and other subcellular fractions, isolated 
from phagocytizing and resting leukocytes, in an 
attempt to localize the site(s) of Hz02 production. 
In parallel experiments, the generation of 0, by the 
same subcellular fractions was investigated by utilizing 
the adrenochrome assay [ 151 in order to compare the 
production rate of both products of the partial reduc- 
tion of oxygen. The evidence obtained indicates that a 
NADPH oxidase found in the granular fraction is 
activated during phagocytosis being able to produce 
significant amounts of HzOz and 0;. 
2. Materials and methods 
Yeast cytochrome c peroxidase was kindly donated 
by Professor T. Yonetani, Department of Biochemistry 
and Biophysics, University of Pennsylvania. NADH, 
NADPH, epinephrine bitartrate and catalase were pur- 
chased from Sigma Chemical Co., Saint Louis, Mi, 
USA. 
Escherichiu coli that were cultured in a trypticase 
soy broth, twice sterilized in an autocalve at 120°C 
for 30 min and extensively washed with saline 
solution, were used as phagocytic particles. Guinea 
pig polymorphonuclear leukocytes were isolated 
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from the peritoneal cavity according to the method 
of Sbarra and Karnovsky [ 1] 16 h after injection of 
sterilized 1% sodium casinate solution in 0.9% 
NaCl [ 161. Leukocyte suspensions containing 
3 X 10’ cells/ml were incubated, after temperature 
equilibration, for 5 min at 37°C with heat killed 
E. coli (approximately 100 bacteria/phagocyte) or 
without any phagocytic particle in Ca2’- free Krebs 
Ringer phosphate buffer without glucose. After 
incubation, the leukocytes were centrifuged down 
and homogenized with a Teflon-pestle in 0.34 M 
sucrose according to the method of Patriarca et al. 
[I 2,131. The homogenate was centrifuged at 
480 X g for 15 min to remove cell debris and 
nuclei. The supernatant was centrifuged at 
13 000 X g for 15 min. The sedimented granular 
fraction was resuspended in a small volume of 
0.34 M sucrose. All procedures were carried out at 
o-4°C. 
H202 Production was measured by the formation 
of the enzyme-substrate complex of cytochrome c 
peroxidase [ 141 recording the absorption increase at 
419-407 nm (EmM = 50 litre/mmol-‘) [ 171 in a 
model 356 Hitachi-Perkin Elmer double-beam 
spectrophotometer. The assay mixture contained 
80 PM NADH or NADPH, 1 .O mM epinephrine and 
an aliquot of the granule suspension in 65 mM sodium- 
potassium phosphate buffer, pH 5.9. 
Protein was assayed according to the method of 
Lowry et al. [ 191, slightly modified. In the first step, 
0.1% deoxycholate was added to the sample before 
adding C reagent (CuS04-Na-K-tartrate). After the 
addition of the Folin-Ciocalteau reagent, the reaction 
mixture was filtered through a millipore filter 
(0.45 pm pore diameter) to remove phagocytized 
bacteria before making the spectrophotometric 
determination at 750 run. The rates of H202 and 
0; generation were calculated on the basis of the 
amount of protein isolated in the granular fraction 
from resting leukocytes, neglecting the fact that some 
part of the protein of the granular fraction is lost 
after the brief incubation with bacteria. Myeloper- 
oxidase activity was assayed with the guiacol test [20] . 
3. Results 
Subcellular granules isolated from phagocytizing 
leukocytes (A) generated, after addition of NADPH, 
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Fig.1. Production of H,O, in subcellular granules isolated 
from phagocytizing (P-Gr) and resting (R-Gr) guinea pig 
leukocytes. The numbers near the traces indicate nmol 
H,O,/min/mg granule protein. H,O, Generation is recog- 
nized as an upward deflection of the trace due to the 
formation of the enzyme-substrate complex of cytochrome 
c peroxidase. P-Gr Granules 0.74 mg protein/ml, R-Gr 
granules 0.74 mg protein/ml, 80 crM NADPH. Other experi- 
mental conditions as described in Materials and methods. 
5.3 nmol H202/min/mg protein, whereas a similar 
fraction isolated from resting leukocytes was about 
ten-times less active, 0.5 nmol H202/min/mg protein 
(fig.1). The rates of H202 production by both granula 
protein pg 
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Fig.2. Production of H,O, in subcelhrlar granules isolated 
from phagocytizing (P-Gr) and resting (RCr) guinea pig 
leukocytes. Either 80 PM NADPH or 80 MM NADH. Other 
conditions as in fig. 1. 
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fractions after supplementation with either NADPH, 
the specific reductant or NADH, plotted as a function 
of the amount of added protein, is shown in fig.2. 
H202 Generation in granules isolated from phago- 
cytizing leukocytes was much more active in the 
presence of NADPH than in the presence of NADH. 
In contrast, the granular fraction isolated from resting 
leukocytes exhibited a slightly higher activity in the 
presence of NADH as compared to the condition 
with NADPH. It is important to note that the 
activities in the granules isolated from resting leuko- 
cytes with any pyridine nucleotide as reductant were 
far lower than the ones corresponding to the granules 
isolated from phagocytizing leukocytes. 
Granules isolated from phagocytizing leukocytes 
generated 0, when supplemented with NADPH at a 
rate of 2.6 nmol/min/mg protein (fig.3) corresponding 
to 24% of the HzOz generation by the same granules. 
Formation of 0; in granules isolated from resting 
phagocytes was negligible. The rate of 0, generation 
was higher in the presence of NADPH than in the 
presence of NADH, in agreement with the same 
specificity shown by H202 formation. 
Neither HzOz nor 0; generation was detected in 
the cytosolic fractions of resting and phagocytizing 
leukocytes. This may be due both to the low genera- 
tion rates of this oxygen intermediate and to the 
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Fig.3. Production of 0; radicals by subcellular granules 
isolated from phagocytizing leukocytes. The figure near the 
trace indicates nmol superoxide O;/min/mg granule protein. 
0; Generation is detected by a superoxide dismutase-sensitive, 
upward deflection of the trace due to adrenochrome forma- 
tion. Granule protein 0.15 mg/ml, 80 PM NADPH, SOD 
20 &ml superoxide dismutase. Other experimental condi- 
tions as described in Materials and methods. 
presence of considerable catalase and superoxide 
dismutase activities that interfere with the detection 
systems for HzOz and 0;. 
Myeloperoxidase activity in the isolated subcellular 
granules accounted for about one-half of the total 
myeloperoxidase activity of the cells. The granules 
isolated from phagocytizing and resting leukocytes 
showed 41% and 57% of the total cellular myeloper- 
oxidase activity. It is worth noting that, though 
production of HzOz and 0; was markedly higher in 
the former than in the latter granules, the myeloper- 
oxidase activity in the granules from the activated 
phagocytes was lower than that of the granules from 
resting leukocytes. 
The amount of HzOz released to the suspending 
medium by leukocytes during phagocytosis was 
measured with the cytochrome c peroxidase assay 
after supplementation of a suspension of guinea pig 
polymorphonuclear leukocytes with heat killed 
E. 03. In the resting state, leukocytes released 
0.035 nmol HzOz/min/lO’ cells. This basal rate 
was increased about 17-times to 0.55-0.65 nmol 
HzOz/min/lO’ cells during phagocytosis. These 
rates of Hz02 release agree with similar measure- 
ments by Root et al. that used human granulocytes 
and Latex, yeast and S. au-em as phagocytic 
particles. 
4. Discussion 
Fluorometric methods involving the use of 
fluorescent dyes that act as hydrogen donors for the 
horseradish peroxidase reaction were previously used 
to detect Hz02 generation in intact leukocytes or 
whole homogenate [9,10]. It was found, however, 
that these fluorometric assays were not useful for 
the accurate measurement of H202 production by 
subcellular fractions from leukocytes, in all proba- 
bility due to the presence of endogenous hydrogen 
donors that are able to succesfully compete with the 
indicator owing to the broad specificity of the horse- 
radish peroxidase intermediate. In contrast, the cyto- 
chrome c peroxidase method provides a much more 
sensitive and reliable assay, since the high specificity 
of the cytochrome c peroxidase-H202 intermediate 
for cytochrome cz+ as hydrogen donor gives great 
stability to the spectrophotometric indicator and 
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avoids interference by endogenous hydrogen donors. 
The total amount of HzOz produced by the 
leukocytes during phagocytosis can be calculated 
taking into account that: 
(i) The rate of HzOz generation was 5.3 nmol 
HaOa/min/mg protein. 
(ii) The granular fraction isolated from 10’ cells 
contains about 0.12 mg protein. 
(iii) The recovery of myeloperoxidase activity 
accounted for 41% of the total granule content of 
the cell. 
Thus, 
(5.3 nmol HzOz/min/mg protein). (0.12 mg protein/ 
10’ cells) 
X l/O.41 = 1.55 nmol HZ02/min/107 cells. 
Since about 0.55-0.65 nmol HzOZ/min/107 cells 
was released to the suspending medium by phago- 
cytizing leukocytes, it seems that intracellular utilliza- 
tion or destruction of HzOz amounts to 60-65% of 
the total production, the remaining 35-40% diffusing 
to the external medium. Thus, a significant part of the 
free HzOz generated in the phagocytic vacuoles is 
decomposed by cytoplasmic catalase or glutathione 
peroxidase. This point seems relevant to the cytoplas- 
mic control, i.e., the defense mechanisms that oppose 
cytoplasmic injury due to the generated 0; and 
HzOz. 
Our results suggest hat a NADPH oxidase located 
in the granular fraction of polymorphonuclear 
leukocytes is responsible for the main part of the 
Ha02 generated during phagocytosis, in agreement 
with an earlier postulation by Rossi et al. [ 11,121. 
The specific increase in oxidative metabolism that 
usually accompanies phagocytosis can be also induced 
by membrane-active agents [2 l-271. It seems 
reasonable to suggest hat structural and functional 
changes in the plasma membrane, induced either by 
the uptake of bacteria or by membrane active agents, 
trigger the activation of NADPH oxidase in the 
granules to produce HzOz and 0;. Interestingly 
enough, the activation signal changes the properties 
of the granule enzyme in a way that maintains the 
‘activated’ state through the isolation procedure, 
which included homogenization and centrifugations. 
In order to gain a clear understanding of the 
phenomenon of 0; and HzOz generation in the 
298 
subcellular granules of polymorphonuclear leukocytes 
and of its triggering mechanism, it is apparent that 
further studies, with granules in which contaminating 
enzymes have been eliminated and with sub-granular 
fractions, are necessary. 
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